Infrared pyrometer measurements of reaction-site dimensions and temperature profiles during growth of single hydrogen corrosion sites after exposure of Pu to H 2 are consistent with a multistep reaction sequence for hydride formation. Thermal modeling of the early stage of reaction shows that the predicted temperature increase for PuH 2 formation is much larger than observed.
Introduction
Corrosion of plutonium by hydrogen is of continuing technological interest because of its relevance to safe handling and storage of the metal and its involvement in reactions that readily transform the metal into dispensible particles [1] . Several investigations that focus on the kinetics and mechanisms of the Pu-H 2 reaction are described in recent reports [2] [3] [4] [5] .
Hydriding is described as a four-stage process [1, 4, 5] : (a) induction/nucleation, (b) site growth, (c) bulk reaction, and (d) termination. Induction is an eratic time period in which Pu is exposed to H 2 , but consumption of gas is not detected. The induction period is terminated by nucleation of an autocatalytic hydride site that promotes continuing reaction at that location [1, 6] . During the growth stage, the hydride site increases in size as the hydriding rate increases exponentially over time. The bulk hydriding stage begins when the metal surface is covered by hydride and the reaction proceeds at a rate that depends only on the H 2 pressure. The terminal stage is marked by a progressively decreasing rate as one of the reactants is depleted. Unlike the extensively studied bulk and terminal stages, the nucleation and growth stages are not well characterized. The growth stage is of interest because of a rapid exothermic reaction [1, 7] occurs in a low thermal conductivity metal [8] , a situation that should produce a significant temperature gradient around the reaction site.
The role of the oxide surface layer in altering the corrosion process is discussed in earlier publications [1, 2] . Results show that nucleation of hydriding is inherently suppressed by a PuO 2 surface layer because the solubility of hydrogen in the dioxide is much less than the concentration required to saturate the metal and to precipitate hydride [2] . Therefore, a hydrogen-transport process other than diffusion of hydrogen through the dioxide is apparently required to form hydride sites beneath a PuO 2 layer. In contrast, Pu 2 O 3 , a trivalent oxide that must exist at the oxide-metal interface, catalyzes the PuH 2 reaction at a rate comparable to that of the autocatalytic hydride [1, 9] . Therefore, nucleation of hydriding is promoted by heating PuO 2 coated metal in vacuum to form Pu 2 O 3 or by scribing the PuO 2 -coated surface to expose Pu 2 O 3 at the oxide-metal interface [2] .
Characterization of the hydriding reaction is difficult because the metal reacts with H 2 and generates heat at an unusually rapid rate. However, the transport of heat away from the reaction zone is rather slow due to the low thermal conductivity of Pu. In this study, infrared (IR) pyrometry was used to map the dynamic temperature profiles produced by growth of hydride sites on PuO 2 -coated Pu. The effect of Pu surface orientation on heat transfer and hydriding reaction rate was investigated and the emissivities of oxide-and hydride-coated surfaces were measured. A fundamental reassessment of the hydriding process became necessary because independently measured extents of H 2 and Pu consumption during site growth were inconsistent with the conventional view of PuH 2 formation during the reaction. Occurrence of an alternative hydriding process is supported by results of heat-transfer thermal modeling of temperatures profiles observed during site growth.
Experimental methods
Hydriding experiments were made in an argon-atmosphere glove box using circular (16 mm diameter) coupons cut from a 0.8 mm thick sheet of polycrystalline delta-phase Ga alloy. The samples were rinsed with ethanol to remove machining residues and dried in air before testing.
The thickness of the amber PuO 2 surface layer was determined to be about 220nm by ion milling and scanning electron microscopy ( Figure 1 ). During a typical hydriding experiment, the test specimen was mounted in a two-piece aluminum holder fitted with a pair of indium o-ring seals pressed against the perimeter of the Pu sample surface [2] . Access of H 2 gas to the Pu sample during the initial phase of the hydriding process was confined to the visually observable 13mm diameter opening in the front aluminum plate. Penetration of the Pu by hydride formation during actual experiments allowed H 2 to enter the Ar-filled volume behind the sample and attack the unobservable back side. The mounted sample was placed in a massive Al block that reproducibly positioned the Pu specimen in an evacuable stainless steel reaction chamber equipped with a turbomolecular pump, type K thermocouples, calibrated capacitance manometers (MKS), and sapphire windows for pyrometric imaging with an IR camera (Merlin Indigo, FLIR systems, Inc.). The IR camera which had an InSb detector with a cold filter set for photons in the 3-5 m wavelength range, a resolution of 90 m, and a refresh rate of 2 Hz, was positioned 10 cm from the sample.
During replicate hydriding tests, the extents of hydrogen consumption and the temperature profiles near the reaction sites were measured simultaneously as a function of time. Since meaningful correlation of these results is contingent on confinement of reaction to a single site, measurements were facilitated by scribing the oxide surface near the center of each PuO 2 -coated sample [2] . Reaction preferentially initiated at these sites after rapid pressurization of the evacuated reaction chamber (10 -4 A chronological set of thermal images for a representative test with vertically mounted coupon is shown in Figure 2 . The dot in the middle of the zero-time image marks the location of the scratch that was added to expose the Pu 2 O 3 /Pu interface. Nucleation of hydriding at the site was followed by continuing growth over time. The appearance of additional reaction sites after 4 minutes shows that hydriding inherently nucleates due to the presence of impurities, defects, or other features that promote nucleation [2] . During the first 6 minutes of reaction, the minutes of a test is tractable because reaction is confined to one hydride site located at the center of the sample. Since the Pu-H phase diagram [1, 7, [12] [13] [14] shows coexistence of hydrogensaturated Pu and PuH 2x with x ~ 0 at 298K, corrosion is assumed to proceeed with formation of PuH 2 . As indicated by the absence of detectable particle spallation during the first few minutes of reaction, the PuH 2 product is taken to proceed isotropically (see Figure 6 ) and to remain on the corrosion site in the thermal modeling.
If the thermal properties of the adherent product are assumed to be similar to those of Pu metal, transport of heat away from the initial site in the center of a circular coupon is most easily described in cylindrical coordinates [15] :
The parameters r and z are the radial and vertical coordinates as defined in Figure 6 . K (~ 6.74
, and  (15840 kg m -3 ) are the thermal conductivity, specific heat, and density of -Pu, respectively [8] . The specific heat for PuH 2 is ~ 186 J K -1 kg -1 [7] . In the absence of thermal conductivity data for PuH 2 ( = 10400kg m -3 ), K for thin hydride product layer is assumed equal to that of Pu. Equation (1) is a partial differential equation (PDE) with first order in time and second order in r and z. This equation is relatively insensitive to the initial size and geometry of the heat source (the scribed area near the center of the coupon at time t = 0) and assumes no angular dependence for the heat flow. Heat transfer during hydriding of Pu is treated as a problem with an expanding heat source (advancing reaction front) in a finite-length cylinder (circular sample of known thickness). Although the finite cylinder problem with an expanding heat source is extremely difficult to solve analytically [15] , a solution has been obtained using a finite difference approach to differentiation (numerical approximation) with the commercial software COMSOL [16] .
A unique solution to equation (1) 
F o is the heat flux from the reaction front in the z direction. In a similar way, the boundary condition for r at the reaction front is:
The value of 
Values of calculated T for the first few minutes of reaction via equations 4(a) and (b) differ by only a fraction of a degree.
Equation (1) has been solved numerically in COMSOL using the initial and boundary conditions specified above and heat generation by an expanding source illustrated in Figure 5 by equation 5.
The source radius r H has units of mm and defines the location of the reaction front as it advances into the Pu metal, forming stoichiometric 
Discussion
The observed difference in maximum T values for vertical (~60K) and inclined (~105K) samples is consistent with properties of PuH 2x , a product that spalls as small particles due to stress created by formation of a low density solid on a higher-density solid. Spalled particles accumulate as a pile of hydride powder if the sample mounting position is inclined (or horizontal), but fall away and carry a sizable fraction of the heat if the sample is oriented vertically. In addition to this physical effect, consideration must be given to the stoichiometry of the spalled particles. Reference to the Pu-H phase diagram [1] [7] . In Modeling of the thermal profiles confirms that the PuH 2 reaction does not proceed as anticipated.
The difference in calculated and observed T values after 3.3 minutes of reaction is large and consideration must be given to possible sources of the discrepancy. The possibility of an inaccurate H f for PuH 2 is readily dismissed because of the accepted value is based on results of solution calorimetry and equilibrium pressure measurements that are in excellent agreement [7] .
A large error in T is also very unlikely because the pyrometer-thermocouple calibrations were made and verified under carefully controlled isothermal conditions. Another possibility is that the assumed growth geometry of the hydride spot, employed in the modeling, is invalid. The extent of heat generated over time is strongly dependent on the corrosion site geometry. The reaction clearly advances into the metal. However, the assumption that hydride growth is isotropic and produces a hemispherical corrosion site cannot be confirmed or rejected on the basis of pyrometric images in Figures 2 and 3 . The remaining possible source of error is the assumption that hydriding at room temperature proceeds with instantaneous formation of PuH 2 at the reaction front as implied by the equilibrium phase diagram [1] . The possibility of forming a corrosion product with a low H/Pu ratio merits consideration. The only known reaction other than PuH 2 formation is dissolution of the hydrogen in the metal, a slow process that produces negligible heat [12] .
Although hydride corrosion sites might not be exactly hemispherical, they were observed to be three dimensional and contained substantially more metal than required to generate the measured T values by PuH 2 formation. Since the reaction consistently formed hydride, the initial product obtained during site growth might be a mixture of Pu and PuH 2 in a ratio that produced the requisite amount of heat for the observed T. The multi-step mechanism based on this concept is initiated by the presence of Pu 2 O 3 or another catalytic surface site that promotes rapid dissociation of absorbed H 2 and transport of product H to the oxide-metal interface. A sharp hydride-metal boundary does not form because hydrogen is simultaneously dispensed into the metal by two kinetically controlled processes. Rapid movement of hydrogen into the bulk metal by diffusion along grain boundaries is countered by sorption on inter-granular surfaces at concentrations that exceed the low solubility of hydrogen in Pu at 25 o C [12] . Growth of hydride results in coverage of grains with low-density PuH 2 , a product that creates inter-granular stress and causes grains to separate from the bulk metal.
Experimental observations during the initial minutes of reaction on the vertical sample are limited, but agree with the proposed mechanism. After 3.3 min, the reaction site reached a radius of about 0.8 mm and involved several hundred metal grains. The extent of H 2 consumption during that time remained below the detection limit of the pressure transducer, but could be estimated by extrapolation and integration of the rate-time data in Figure 4 Separation and continuing reaction of metal grains presumably continues during the bulk stage of reaction. The constant temperature-independent rate reported for bulk hydriding (120 mol cm -2 s -1 ) [1] is close to a factor of ten larger than the area-normalized rate observed during the initial four minutes of site growth. An increase in the rate is expected as hydriding proceeds because the effective surface area of Pu per unit geometric area increases as metal grains accumulate in the reaction zone. At some point, the rate at which the reactive area increases by grain dislodgement equals the rate at which that area is decreased by hydride formation, and a steady state reaction rate is reached. The observation of a lower area-normalized hydriding rate for site growth than for bulk reaction is consistent with the proposed mechanism because the maximum effective area of Pu was clearly not reached during the initial four minutes of reaction.
Although development of the reaction site on an inclined sample is difficult to monitor because of the unfavorable viewing angle and the accumulation of powdered product, such is not the case for vertical samples. An unexpected observation (Figure 2 ) is the absence of a corrosion hole in the sample until 14-17 min into the test, a result that seems to contradict the assumption of isotropic site growth. Penetration of the metal was expected after about 3 min and appearance of a visible hole was anticipated after 6 min. At that point in time, a circular high-temperature spot is clearly present at the center of a somewhat cooler zone that defines the corrosion site. That result is consistent with retention of dislodged metal at the site and its continuing reaction to form PuH 2 plus heat. The product at the center was most likely held in place for an extended period due to compressive forces generated by thermal expansion and formation of low-density The utility of thermal measurements and modeling in kinetic measurements is amply demonstrated. In this study, neither dimensional nor pressure measurements were adequate.
Both the value of IR pyrometry and its potential for use in investigation of rapid gas-solid reactions are evident. 
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